Abstract-Research reactors such as the "Jožef Stefan" Institute TRIGA reactor have primarily been designed for experimentation and sample irradiation with neutrons. However recent developments in incorporating additional instrumentation for nuclear power plant support and with novel high flux material testing reactor designs, γ field characterization has become of great interest for the characterization of the changes in operational parameters of electronic devices and for the evaluation of γ heating of MTR's structural materials in a representative reactor γ spectrum. In this paper, we present ongoing work on γ field characterization both experimentally, by performing γ field measurements, and by simulations, using Monte Carlo particle transport codes in conjunction with R2S methodology for delayed γ field characterization.
I. INTRODUCTION
The "Jožef Stefan" Institute (JSI) TRIGA reactors is a pool type, 250 kW reactor with U Zr-H fuel elements arranged in an annular core and equipped with diverse irradiation facilities, which have during its 50 years of operation [1] been used primarily for neutron experimentation such as neutron radiography [2] , neutron activation analysis [3] , bulk material testing [4] , [5] , [6] and electronic component radiation hardness studies [7] , [8] , etc. The neutron field in irradiation facilities has been thoroughly computationally characterized [9] and experimentally validated [10] . Experiments have also been included in the International Reactor Physics Experimental Evaluation Project (IRPhEP) handbook [11] , and the reactor has become a reference center for neutron irradiation of detectors for the ATLAS experiment in CERN [12] . Recent increased interest in development of radiation tolerant electronic devices for operation inside Nuclear Power Plant (NPP) containment buildings [13] , particle accelerators [14] , aerospace applications [15] , [16] and for evaluation of structural material γ heating in Material testing reactors (MTR) [17] , [18] has highlighted the need for utilization of reactor irradiation positions for pure γ irradiation. γ-rays inside a nuclear reactor can generally be divided into two groups by their mode of creation: prompt γ-rays, which are produced during reactor operation and are emitted promptly after nucleus interaction, such as fission [19] , scattering [20] or radiative capture [21] . On the other hand, delayed γ-rays are emitted as a consequence of radioactive decay of fission and activation products. To date, evaluations suggest that delayed γ field contributes more then 30 % to total γ flux during reactor operation [22] , [23] , and is the only major source of γ rays after reactor shutdown. Characterizing the γ field and distinguishing the time dependent (delayed) and independent (prompt) contributions presents several challenges that we aim to overcome. The characterization can roughly be divided into two parts: computational characterization and modeling and experimental validation. Novel techniques for de-layed γ modeling coupling steady state Monte Carlo particle transport codes with radioactive inventory calculations codes such as the Rigorous-2-Step (R2S) [24] methodology are utilized and implemented, and numerous detector types are used for experimental validation, measuring both integral and differential quantities of interest. The established framework will serve for routine qualification of the γ field in the JSI TRIGA irradiation facilities γ field and sample responses to radiation. The method could also be applied later on for qualification of activated material prior to decommissioning of nuclear reactors.
II. JSI TRIGA REACTOR
The JSI TRIGA reactor is controlled by 4 control rods and is equipped with numerous irradiation ports, both in-core, placed in the fuel element positions with the exception of the Triangular channel (TriC) which occupies 3 fuel element positions (Fig. 3) , and ex-core, with 40 irradiation positions located inside the graphite reflector, which can be rotated into desired position by a rotary carousel. Some of the in-core and carousel irradiation positions are equipped with a fast pneumatic transfer system for sample irradiation. There are also 3 larger horizontal irradiation positions with inner radius of 15 cm. Two of them extending radially outwards from the reactor core, Radial Piercing Port (RPP) piercing the graphite reflector and Radial Beam Port (RBP) extending outwards from the graphite reflector. The Tangential Channel (TanC) horizontal irradiation position passes the reactor core tangentially. The in-core irradiation core and relocated to the fuel element rack located at the edge of the reactor rank ( Fig.1) , which can hold up to 6 fuel elements. Since fuel elements are highly radioactive after reactor operation, they can be used as a viable pure γ-ray source. For pure γ irradiation with such an arrangement, an additional irradiation facility in form or an aluminum box with inner dimensions of 30 cm×20 cm×20 cm, submerged to close proximity of the fuel elements, with a cable guide tube leading to the reactor pool surface has been constructed especially for γ irradiation of larger electronic components and assemblies (Fig. 4) . The existing irradiation positions were primarily used for neutron irradiation of samples, and have only recently been utilized for γ irradiation after reactor shutdown. Although γ dose-rates after reactor shutdown exceed 1 × 10 4 Gy h −1 , the γ spectrum is time dependent and difficult to measure with a spectrometer due to the high dose-rate, further investigation in characterizing the γ field is required both computationally and by use of different detectors.
III. GAMMA FIELD MEASUREMENTS
The measurements of the γ field inside a strong mixed neutron-γ field presents several difficulties such as discrimination between neutron and γ contributions, and further, discriminating between prompt and delayed γ field, where the latter is also dependent on reactor operational history. In case of the JSI TRIGA, where the reactor power ranges from 10 W to 2.5 × 10 5 W, and taking into account background radiation, which is in order of few Gy h −1 , detectors with measurement ranges spanning at least 6 orders of magnitude must be used. Ionization and fission chambers, radiation sensing field effect transistors (RadFETs) [25] and thermoluminescent dosimeters (TLD) using novel readout and annealing techniques [26] have proven to be prime candidates for γ field measurements inside a reactor. Discrimination between neutron and γ contributions is usually performed by using similar detectors, which have different sensitivities to different particle types, as is the case with fission [27] and ionization chambers [28] , Aluminum irradiation box with cable-guide tube 6 fuel elements stacked into fuel element rack, at the edge of the reactor tank Fig. 4 . Schematic of 6 fuel elements stacked in a rack, with Al. irradiation box at close proximity. [29] , as well as for TLD detectors, where some can be loaded with natural lithium and others with enriched 7 Li. However, qualifying the RadFETs and their temperature dependence [30] is still in progress, and solutions such as different oxide layer thickness and encapsulation of detectors with a neutron filter such as Cd, or by increasing γ production by applying a thin layer of B on the RadFET surface [31] are under investigation. Radiation detectors measure radiation by charge collection (IC) or trapping (TLD, OSLD), which is released by radiation interaction with matter, so charged particle equilibrium (CPE) must be established in order for the detector to measure the correct quantity [32] . The measured quantity must therefore previously be qualified in a stable γ source, such as 137 Cs, 60 Co, X-ray and others, preferably high energy sources. CPE is achieved by encapsulating the sensitive part of the detector with an equilibrator part of sufficient thickness [33] . The material of the equilibrator dictates the detector response function, since the actual dose on the equilibrator material is measured. γ ray energies inside a reactor reaching up to 10 MeV and further must also be considered. Although the average γ energy is in order of an MeV and is comparable with 60 Co spectrum, pair production becomes the dominant interaction process at higher energies instead of Compton effect [32] , and therefore larger equilibrator thicknesses are required. While these detectors can be used for a range of reactor powers, they still only measure integral responses, and give no information on incident γ energy. To this end a novel, miniature, scintillator crystal based spectrometer is under development. Currently, optimizations on scintillation crystal size and readout techniques are being performed, in order not to oversaturate the crystal and read piled-up pulses, but still have a crystal large enough, for γ-rays to deposit all of their energy inside the scintillation crystal. Techniques on resolving pile-up pulses [34] somewhat relax these constraints. A joint JSI and French Atomic Energy and Alternative Energies Commission (CEA) γ measurement campaign has already been performed at the JSI TRIGA reactor, where all of the above mentioned detectors (or development versions for detectors under development ) were utilized for γ-ray measurements. A compact core configuration has been established in order to have a homogeneous neutron field, and reactor operation was planned beforehand, gradually increasing the reactor power from zero power, with extracted neutron source, to establish baseline background signal, to full power in a series of runs, increasing the power exponentially. Special detector holders were constructed for positioning the detectors in centers of their respective irradiation positions, in order to minimize experimental uncertainty. Two fission chambers were also inserted symmetrically to the reactor core center for additional reactor power reading and determining the flux redistribution due to control rod positions. One of the ionization chambers was positioned in a fixed position, while others were used for axial and radial γ profile measurements. A RadFET detector and scintillation spectrometer were also utilized, and were lowered in the carousel positions, in order not to oversaturate them or to minimize impact on the detector. During the operations, several sets of TLDs in aluminum equilibrators provided by the CEA were enclosed inside a polyethylene capsule and lowered into 3 different positions: in-core Central channel (A1) and F26 and carousel IC40 position at different reactor powers. On-line measurements during reactor transients such as power increase (Fig.5) and reactor scram (Fig.6) are of special interest, since delayed γ flux time dependency can directly be extracted, by appropriate IC and FC detector signal weighting and subtraction.
These experiments will be repeated again, in a similar fashion, aiming to replicate the conditions of the previous experimental campaign, although using another set of TLD detectors without equilibrators, provided by Institute of Nuclear Physics, Polish Academy of Sciences (IJF-PAN), different type of RadFET detectors and an improved version of the scintillation spectrometer, with fission and ionization cells being the same. The aim is, to reproduce these measurements several times, with a large number of detectors in order to minimize measurement uncertainty. The obtained experimental results will serve for validation of the delayed γ computational scheme. 
IV. COMPUTATIONAL MODELING
Computational modeling of the γ field inside a nuclear reactor needs to be able to couple transport of neutrons and γ-rays for kerma approximation. We used the Monte Carlo particle transport code MCNP v6.1 (MCNP) [35] and ENDF/B-VII.0 [36] for prompt γ irradiation. The reactor computational model is based on an experimental benchmark computational model [37] , with added details, such as fuel holding pins, additional irradiation positions, reactor instrumentation to most accurately reflect the real state of the reactor. Since MCNP only enables steady state eigenvalue calculations, only the prompt part of the γ field is calculated directly by MCNP. The γ flux and anbient dose equivalents, derived by the use of ICRP-21 [38] and ANSI-ANS6.1.1 ambient dose equivalent factors were calculated throughout the reactor. In the present work, core loading pattern 189 (Fig.2 ) was simulated, with transient and safety control rod fully withdrawn, regulating rod at position 382 and shim rod in position 350 and TriC inserted into the core. Results in Fig. 7 shows only prompt γ contribution, with measurements suggesting an increase ≈30 %, once the delayed γ are accounted for. For accurate estimation of the delayed γ contribution, an R2S methodology Python [39] script was developed, coupling MCNP and FISPACT-II [40] radioactive inventory calculation code, which has only been applied to fusion applications [41] , [42] and has to our knowledge never been applied to a fission reactor before. The model geometry is divided by a 3D mesh, where the neutron flux and spectra and homogenized material compositions are calculated in each mesh voxel. Inventory calculations are performed using these data and reactor operation parameters, such as reactor power, operation duration and cool-down to calculate radioactive isotope inventory at each time of interest. Delayed particle spectra are calculated for each voxel of the mesh, and secondary particle transport calculations performed with MCNP and a source routine developed at KIT [43] . To accurately reproduce the measurements obtained experimentally, one must consider renormalization of computational results to the reactor power [44] , as well as flux redistribution [45] due to control rod insertion and its effects on reactor power readout instrumentation. In addition, secondary particles other then γ-rays should also be transported, as they may produce additional γ-rays due to their high energy. Special care must also be taken for energy and charge deposition inside the detectors and electron and positron transport must be considered as well, since the detector size is usually smaller then the characteristic dimension required to achieve CPE. Simulating different particle types, especially charged particles, required in order to accurately reproduce detector responses and additional delayed γ generation, is however computationally very intensive, and special care should be taken in order to optimize accuracy vs. computational time.
V. CONCLUSIONS
With the development of novel, high flux reactors and the need for radiation tolerant electronics for nuclear and aerospace technology, γ field effects studies on reactor component heating and changes in operational parameters of electronic components and assemblies, γ field characterization of JSI TRIGA irradiation facilities will enable further studies and development in that area. With a thoroughly characterized γ field, sample characteristics changes will be more accurately qualified. An R2S methodology code, coupling MCNP and FISPACT-II codes for delayed γ field calculations, has been developed an with addition of prompt γ field calculations performed by the MCNP code, a generalized framework for reactor γ field calculations will be established. In addition, results from experimental γ measurement campaigns at the JSI TRIGA reactor will serve for code validation and improvement, as well as further development of novel detector types, such as before mentioned γ spectrometer. Due to the novelty of R2S methodology use in the irradiation facilities of a EPJ Web of Conferences 170, 04001 (2018) https://doi.org/10.1051/epjconf/201817004001 ANIMMA 2017 fission reactor, special care should be taken to obtain experimental results of benchmark quality, on which other R2S methodology codes could also be tested and verified. The established computational framework will not only serve for qualification of sample responses under γ irradiation, but could also serve for qualification of radioactive inventory in reactor structural materials, which will become of great interest after reactor decommissioning and long-term storage, leading to waste storage space optimization and minimizing the associated cost.
